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PART I: INTRODUCTION 
 
 
The use of compost has demonstrated benefits for plant production, soil health, microbial 
function, reduction of man-made fertilizer and pesticides, diverting waste from landfill, and even 
mitigating the climate change impact of greenhouse gases through carbon sequestration 
(Vergara, 2012). In many parts of the world, at all municipal levels, policy is being developed 
related to waste management separation and use of compost. For example, CalRecycle and the 
California State Assembly passed AB 1826 in 2014 to mandate implementation of organic 
material collection and recycling into compost by 2020 for the entire state of California 
(Mortensen, 2013). The City and County of San Francisco is well known for its robust Zero 
Waste program, where the San Francisco Department of the Environment has now begun to 
enforce fines on large waste producers with contaminated recycling and compost waste streams 
(SF Environment, 2018). However, there is limited regional infrastructure and cohesion on how 
to create scalable systems that best utilize composted materials. By analyzing the known 
environmental impacts of compost, we can establish more effective waste management systems, 
ensure widespread public participation, and enable industry to use compost applications 
appropriately. 
 In recent years, research has been developed for the use of compost combined with 
managed grazing (and manure) on grasslands (DeLonge et al, 2013) or rangelands, resulting in 
carbon sequestration from the atmosphere back into soil at a relatively high rate (Hill et al, 2003) 
(Viglizzo et al, 2019). The Marin Carbon Project (MCP) was established as a collaborative effort 
by John Wick (owner of Nicasio Ranch), UC Berkeley research scientists, and local government 
agencies in Marin County to analyze the potential effects of this technique for greenhouse gas 
mitigation. The MCP established that combining compost applications with managed livestock 
grazing benefits the soil health and native plant community, while simultaneously enabling 
carbon sequestration through the mechanisms of plant production and microbial activity (Ryals 
et al., 2015). Additional recent research from the MCP included modeling of a sizeable 
greenhouse gas mitigation potential via this method that could contribute to the fight against 
climate change using natural materials and local resources, while considering offset variables 
such as emissions produced by transportation or mastication (DeLonge et al., 2013).  
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This type of carbon farming that combines compost with managed grazing could be an 
important tool for combatting the impacts of greenhouse gas emissions and mitigating the effects 
of climate change, which means that compost use is no longer just an issue of intelligent waste 
management design or agricultural use. By considering compost availability, organic waste 
production and recycling, and where various compost applications should take place, this paper 
seeks to create a more successful regional based system than what would occur on its own 
through ad hoc policy implementation. Ultimately, this research analysis will inform a compost 
and land use management plan that directly supports state climate goals and many other aspects 
of environmental sustainability. It is therefore the main intent of this project to analyze the 
techniques proposed by the Marin Carbon Project for carbon sequestration via compost and 
grazing animals, and the potential benefits this system could have if adopted on a regional scale. 
By using Geographic Information System (GIS) map layers available from US Geological 
Survey (USGS), US Census, CalRecycle, and others to identify rangelands, grasslands, and land 
use management, data on carbon sequestration and global warming potential can be spatially 
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PART II: PROBLEM AND SOLUTION 
 
 
When considering an area like the state of California that produces 13% of the United 
States’ agricultural value (CDFA, 2018), using compost and managed grazing for climate change 
abatement is directly relevant to many industries as well as environmental health and safety. By 
clearly outlining the value of various composting strategies we can also identify where current 
systems are lacking and make an informed decision on how to best address those needs. Even in 
California with relatively progressive environmental laws and policy, for waste diversion the 
burden has largely been placed on local municipalities to enforce those laws. This in turn places 
most of the responsibility on private businesses.  
GIS software can aid in forming land use management policy, by setting criteria to 
identify site suitability for processing and application of organic materials. Previous GIS 
research papers have reviewed western US carbon emissions and sinks, links between carbon 
sequestration and grazing practices on rangelands, and environmental cost benefit analysis. Data 
layers are publicly available for a variety of information including land use, temperature and 
precipitation, federal rangelands, and unusable areas such as urban lands. The MCP in particular 
explored a variety of different issues in their research that will inform GIS analysis for this 
project, including: modeling global warming potential for combined compost and managed 
grazing application and variables (DeLonge et al., 2013); comparing different California coastal 
grasslands for carbon sequestration potential (Ryals et al, 2015); and measuring the beneficial 
effects of compost and managed grazing methods on native plant recovery and soil quality 
(Ryals et al., 2016). 
Through GIS analysis this project will identify primary regions of carbon farming using 
compost and grazing in California for greatest climate change reduction potential, such as the 
San Joaquin and Sacramento Valleys. Next, using several data layers a weighted site suitability 
analysis will be produced in order to narrow the focus to a smaller suitable study area with many 
potential sites. Finally, one of the larger suitable locations will be analyzed further to estimate 
carbon sequestration potential. These analyses will be used to draft an intersectional management 
plan for climate change mitigation through pre-existing organic waste streams. 
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 The practice of recycling organic material into compost has recently re-emerged as a 
valuable resource for Municipal Solid Waste (MSW) management, as waste streams from urban 
areas, agriculture, and modern industry increase. Historically, compost applications were used 
ubiquitously in agriculture up until the early 1900s when application of mineral fertilizers began 
(Smidt et al, 2009). The modern use of agrochemicals (fertilizers and pesticides) has also led to 
soils depleted of organic matter (Zorpas, 2009), creating a further need for compost amendments. 
Written instructions for composting go back to 1790 in Europe, and since 1974 scientists have 
studied the effects of centuries of compost applications in creating anthropogenic soils with 
increased organic matter (Smidt et al., 2009).  
The process known as composting involves the decomposition that occurs when, under 
certain conditions, microbial communities help break down organic substances producing 
nutrient-rich, stable, and sterilized soil amendments. The final product known as compost can be 
applied as a fertilizer to increase plant productivity, soil health conditioner, mulch, and peat 
replacement (Vergara, 2012). Agricultural crops that have shown growth and yield benefits of up 
to 200% from compost include maize, sorghum, forage grasses, lettuce, cabbage, beans, potatoes 
and cucumbers (Zorpas, 2009). These benefits vary widely depending on the specific crop and 
location of use and can increase long-term with best management practices. Compost has also 
been shown to have other beneficial properties such as preventing soils from losing organic 
matter due to agriculture, facilitating carbon sequestration in the environment, improving water 
retention (Smidt et al., 2009), as well as cleaning pollutants from contaminated soil (Vergara, 
2012). Compost can also suppress plant diseases through fungal inhibitors, nutrient competition, 
or by attacking pathogens (Zorpas, 2009). Finally, removing organic materials from landfill 
decreases leachate, and the use of compost as a biotic landfill cover reduces methane (CH4) 
emissions which are 23 times more potent as a greenhouse gas than carbon dioxide (Chapman & 
Antizar-Ladislao, 2009).  
 Once a variety of microorganisms have broken down organic matter in aerobic 
conditions, the volume of waste will decrease by 50% as the process releases carbon dioxide, 
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water, ammonia, and heat. When the organic matter becomes fully stabilized and pathogens have 
been killed by the heat generated, the composting process is complete. Composting can therefore 
reduce the volume of waste, stabilize and sterilize waste, and produce a valuable resource from 
waste streams. Even though compost has slightly lower nutrient levels than commercial 
fertilizers its release of nutrients is slow and steady, improving soil quality over time rather than 
degrading it. Compost provides macronutrients including nitrogen, phosphorus, potassium, 
calcium and magnesium, as well as most of the micronutrients needed for plant production 
(Zorpas, 2009). 
The biology of composting involves a succession of microorganisms including bacteria, 
archaea, fungi, and worms which break down the organic matter. Compost prefers certain 
environmental conditions, key variables being moisture content between 45-50%, a ratio of 20-
25:1 carbon to nitrogen, and range of 6-7.5 pH (Vergara, 2012). Additional variables for process 
control include air supply, gas removal, and having a physical structure that allows for 
movement of moisture and gases. During the active rotting phases there is consumption of O2 
and release of CO2 associated with increasing microbial activity (Zorpas, 2009). All of these 
environmental variables determine temperature, which can in turn be used to identify the phases 
of the composting process (Smidt et al., 2009).  
 Municipal compost programs have increased in recent years as a waste management 
strategy in most developed countries, but despite the availability of compostable material in 
MSW and increased infrastructure for separation and recycling, the percentage of that material 
that is composted is still relatively small. For example, as of 2012 the United Kingdom had a rate 
of 1%, the United States was at 9%, and the Netherlands reached 22% (Ibid). There are many 
reasons that composting rates have remained low, but the primary problem is poor source 
separation (sorting of waste streams) resulting in high levels of contamination, and furthermore 
the market value of compost is relatively low compared to the cost of production. 
 Despite the existing challenges with lack of appropriate infrastructure and modern 
consumer behavior changes, compost has once again become a material of value. It has many 
feedstock sources since any organic material is considered compostable that has an acceptable 
pathogen kill rate and breaks down within a few months (depending on location). Many 
countries have developed regulations for compost quality standards for both input biogenic 
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materials as well as the finished products. The US EPA has strict limits on acceptable amounts of 
E. Coli, fecal coliforms, and Salmonella in compost (Zorpas, 2009). Variables limited by quality 
control include amounts of pollutants in compost products, nutrient levels, organic matter 
composition, and phytosanitary abilities (Smidt et al., 2009). 
It is further possible to estimate economic values of compost products by measuring the 
macronutrient and micronutrient composition, and then produce customized products for specific 
uses by combining compost feedstocks. The results of a survey on 67 compost facilities in 
Austria based on economic data from 2008 estimated the range of fertilizer values of partially 
and totally available nutrients in Euros (Smidt et al., 2009). Biowaste composts had a steady 
range of about 10-20 Euros per kilogram whereas sewage sludge had a wider range from about 
5-50 Euros per kilogram depending on phosphorus availability. There is added value in the 
conversion to organic farming methods which are perceived by consumers as preferable and 
therefore have higher financial value. Although this type of conversion away from chemical 
fertilizers can take time and money to achieve, local organic waste sources are generally higher 
in quality and more economically affordable than materials that have to be transported long 
distances (Zorpas, 2009).
 
Figure 1: Summary of compost feedstocks, processing, and applications 
 Compost now has several other applications besides agriculture as seen in Fig. 1, so a 
regional system needs to consider where these methods should be applied based on feedstock 
availability, product quality, distribution, and local industry needs. Although it has been known 
for decades that compost can aid the carbon sequestration process long-term research has not 
been conducted on this type of soil interaction until the last few years (Zorpas, 2009). In places 
where compost is applied over centuries organic matter becomes stabilized and carbon stocks 
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build up in the soil. Therefore, the carbon sequestration potential of a site is partially based on 
the properties of carbon pools in the soil, combined with the quality of compost products used.  
There are a wide variety of known methods for applying organic material to agricultural 
lands and rangelands, and these management techniques are known to improve soil qualities and 
increase carbon stocks in soil. These carbon stocks have been degraded and reduced Soil Organic 
Carbon (SOC) by 50-66% worldwide (Salati et al, 2012). In agricultural practice, leaving crop 
plant residues to decompose and refraining from tillage allows below-ground stabilization of 
Organic Matter (OM). This can replenish carbon to 30-50% of pre-cultivation levels (Ibid). 
 
3.2 The Carbon Cycle and Carbon Dioxide Sequestration: 
3.2.1 The Carbon Cycle: 
 In order to better understand and analyze how compost and managed grazing can be 
combined to amplify natural carbon sequestration potential, it is important to have at least a basic 
understanding of the biogeochemical carbon cycle, climate change, and terrestrial sinks. Carbon 
is a vital element in all life forms on Earth and regulates temperature in our atmosphere. 
However, since the beginning of the industrial revolution there have been almost two trillion tons 
of CO2 released into the atmosphere by human activities, primarily as a result of the burning of 
fossil fuels and deforestation for development (National Academy of Sciences, 2015). 
Plants consume carbon from the atmosphere as CO2 and through the process of 
photosynthesis convert it to organic matter, and then respire O2 to CO2 as illustrated in Fig. 2.  
 
Figure 2: Summary of carbon dioxide sequestration (CARB, 2015)  
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This respiration cycle is fairly well balanced and tries to achieve equilibrium but does 
allow the terrestrial carbon sink to absorb some of the excess CO2 in the atmosphere which in 
turn delays the effects of climate change. Although it is widely accepted that the best way to 
reduce CO2 concentrations in the atmosphere is to decarbonize energy systems and increase 
efficiency, enhancing the terrestrial carbon sink is now considered a viable and perhaps 
necessary option for preventing climate change as quickly and effectively as possible. While 
other types of climate intervention exist such as albedo modification and direct air capture and 
sequestration (DACS), they generally do not have lasting impact, are expensive to research and 
implement, and/or are more harmful overall than beneficial to the environment (National 
Academy of Sciences, 2015).  
Net ecosystem carbon balance (NECB) measures terrestrial outputs for carbon such as 
respiration, fire, VOCs, or erosion, and inputs including photosynthesis, deposition, and animal 
activity. The primary flows of carbon are photosynthesis and respiration, with the photosynthetic 
flux known as gross primary productivity (GPP) which is photosynthesis minus respiration. By 
adding the rates of autotrophic and heterotrophic respiration we find the total ecosystem 
respiration rate (RE), which leads to net ecosystem production (NEP) by subtracting RE from 
GPP. These ecosystem variables allow us to quantify the terrestrial carbon sink, along with 
consideration of other factors such as fire and land-use changes.  
Terrestrial lands are composed of approximately 12% cropland, 26% pastureland, 32% 
forest, and 9% urban land (National Academy of Sciences, 2015). The residual terrestrial sink 
(RTS) is the amount of anthropogenic carbon emissions that remains in the terrestrial biosphere 
minus the oceanic sink and atmospheric release of CO2. While the RTS acts as a buffer to slow 
the rate of climate change, anthropogenic emission rates far outpace the system’s overall 
capacity for carbon sequestration. As carbon passes through various phases in our environment it 
accumulates in the terrestrial sink on land at a rate of 3.61 Pg C year
-1
, which is approximately a 
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Causes of a carbon sink such as reforestation or a carbon source such as drought are 
shown in Fig. 3 (Ibid) sized by order of magnitude, strength, and duration. 
 
 
Figure 3: Reasons for a carbon sink & reasons for a carbon source (Keenan & Williams, 2018) 
 
Essentially, carbon sequestration in soil is determined by carbon flows from organic 
material additions, belowground productivity, carbon deposition in the rhizosphere where roots 
exchange nutrients for respiration and growth, manure from grazing animals, and fire disturbance 
(Viglizzo et al., 2019) . The modern development of tools such as airborne light detection and 
reading (LiDAR) using drones and satellites enable improved measuring of atmospheric and 
terrestrial conditions which allow scientists to better estimate the terrestrial sink. Modeling 
systems such as TRENDY and FLUXNET illustrate average NEP for different types of 




 (Keenan & Williams, 2018). Research based on these 
modeling systems shows that the terrestrial carbon sink removes 28.5% of total anthropogenic 
emissions, which combined with oceanic sinks (22.1% of total emissions) slows the growth of 
atmospheric CO2 concentrations in what is known as the biospheric sink (Ibid). Additionally, 
carbon is generally beneficial to soil health due to its ability to increase water holding capacity, 
microbial activity, OM content in soil, and nutrient retention. 
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Figure 4: NEP by plant functional type in TRENDY model & FLUXNET (Keenan & Williams, 2018) 
There are several modern models that attempt to measure carbon exchanges in various 
phases, however these models are highly dependent on location and methodology and have high 
levels of uncertainty that sometimes create substantial differences in their results, as summarized 
in Fig. 4. Some of these are known as Earth System Models which try to incorporate the land-
atmosphere feedbacks of CO2, and studies using these methods show the RTS has reduced CO2 
concentrations enough to avoid 0.31 +/- 0.06 degrees Celsius of global warming—but future 
responses remain uncertain (Ibid). 
 
3.2.2 Climate Change and Carbon Sequestration: 
Carbon dioxide was first recognized for its role in climate regulation by Svante Arrhenius 
in 1896, and in 1901 Nils Ekholm theorized that human activity might become a primary 
contributor to climate and temperature (Keenan & Williams, 2018). By the 1930s scientists 
understood deforestation as a large source of carbon dioxide, and in the 1950s-60s the annual 
respiration patterns between the biosphere and the atmosphere were measured and the growth in 
atmospheric carbon dioxide was established (Ibid). During the 1970s increasing concerns about 
emissions led to further research related to removal and sequestration, and in 1992 the First 
International Conference on Carbon Dioxide Removal was held in Amsterdam (Ibid). 
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The Intergovernmental Panel on Climate Change (IPCC) reported in 2013 that the largest 
cause of increasing global-average temperature is man-made GHG emissions, shown in Table 1. 
This increase is already causing unprecedented climatic extremes including rising sea levels, 
drought, species range shifts, ocean acidity, and severe storms that are more frequent and intense.
 
Table 1: Global carbon sources and sinks in GtCO2 (IPCC, 2013) (National Academy of Sciences, 2015) 
If current trends continue the Earth’s surface temperature will increase up to 5 degrees 
Celsius, causing sea levels to rise up to 1 meter by 2100, as seen in Fig. 5. 
 
Figure 5: Sea level rise estimates in best/worst case scenarios (National Academy of Sciences, 2015) 
Emission Sources: 
T otal for  
1750- 2011 
Rate Per Year, 
2002- 2011 
   
Fossil fuels & cement  mft g. 1,380 ± 110 30.4 ± 2.6 
Deforestat ion & land use change 660 ± 290 3.3 ± 2.9 
T ot al 2,040 ± 310 33.7 ± 2.9 
   
Emission Sinks:   
   
At mospheric 880 ± 40 15.8 ± 0.7 
Oceanic 570 ± 110 8.8 ± 2.6 
T errest r ial 590 ± 330 9.2 ± 4.8 
T ot al 2,040 ± 310 33.7 ± 2.9 
   
Change in at mospheric  
concent rat ion (ppm) 112 ± 5 2.0 ± 0.1 
   
Table 1: Global carbon sources and sinks in GtCO2 (IPC ,  Committee, 2015) 
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Although it is technologically within our means to reduce emissions and damages from 
climate change there has been a great deal of resistance to such efforts. Given the increasing 
demand for energy globally, we no longer have time to prevent climate change altogether. 
Because there are systemic social and economic delays for implementing measures to eliminate 
the burning of fossil fuels, adaptation methods such as carbon sequestration are necessary.  
Furthermore, climate adaptations become more expensive and difficult to implement as 
climate change intensifies. Fig. 6 shows how a variety of strategies will be necessary to mitigate 
climate change, and ultimately there will be impacts on our global environment and societies. 
Humanity will need to find ways to adapt to these changes, while also mitigating the damage and 
preventing future impacts as much as possible. 
 
 
Figure 6: Strategies for Climate Change Mitigation (National Academy of Sciences, 2015) 
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Figure 7: Estimated US Energy Use (Lawrence Livermore National Laboratory, 2013) 
 
Fig. 7 shows the relative amounts of fuels produced and how these energy sources are 
used or wasted in the United States (National Academy of Sciences, 2015). It is easy to see that 
the vast majority of US energy comes from fossil fuels, with a very small portion from 
renewable energy or biomass. Furthermore, more than half of our total energy produced is 
wasted after its initial use for electricity, residential or commercial needs, or transportation. 
Energy efficiency improvements and elimination of fossil fuels will likely take decades if not 
hundreds of years to implement, establishing the need for shorter term solutions which mitigate 
the impacts of greenhouse gas emissions. 
 Any climate change mitigation efforts must consider several important factors including 
how effective the chosen method is, cost to scale at an impactful level, risks or possible 
consequences, co-benefits, and necessary governance. Carbon dioxide sequestration from the 
atmosphere to the terrestrial sink occurs as part of the natural carbon cycle and can be amplified 
with biomimicry. Within the terrestrial carbon sink, forests possess the largest capacity for 
carbon sequestration. Trees store carbon in wood which decomposes more slowly than other 
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plants, which put more of their energy into producing leaves and roots that have shorter life 
cycles. Yet forests are increasingly cut down for development needs, and with climate change 
some places like California are experiencing increasing rates of forest fires.  
Agricultural lands have released an estimated 840 Gt of CO2 (gross) in the last 10,000 
years (National Academy of Sciences, 2015), but management changes such as applying manure 
or compost can reduce emissions associated with crops and livestock. Grasslands also act as 
carbon sinks directly into the soil, since the plant matter tends to turn over quickly compared to 
trees. Until recently, grassland ecosystems have been thought to have relatively low carbon 
sequestration potential, due mostly to anthropogenic factors such as over-grazing of livestock, 
agricultural expansion, and poor land use management practices. However, grasslands and even 
semi-arid regions have more long-term carbon sequestration ability than previously thought, 
particularly when land-use management techniques that imitate natural processes are combined 
and maintained (Viglizzo et al., 2019). There is also the potential to take advantage of the co-
benefits of grassland sequestration techniques, such as implementation in deforested areas where 
fires have recently occurred.  
 
Table 2: Rate of estimated capture or cumulative sequestration in GtCO2 (National Academy of Sciences, 2015) 
Methods for atmospheric carbon dioxide removal (CDR) and sequestration shown in 
Table 2 are likely necessary in order to mitigate climate change impacts, but there is much yet to 
be determined regarding cost, scalability, long-term effectiveness, and policy incentives for Cap-
and-Trade funds. 
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3.2.3 Policy Development: 
In the state of California, several policies have been put forth regarding reducing GHG 
emissions. The 2005 Executive Order S-3-05 established target reduction levels for GHG 
emissions including a return to 1990 levels by 2020 and 80% reduction by 2050. Then in 2006, 
Assembly Bill 1925 mandated reports on cost-effective geologic carbon dioxide sequestration 
projects, particularly focused on carbon capture and sequestration (CCS) technologies. In this 
case CCS projects are those that remove large quantities of atmospheric CO2 from point sources 
such as power plants and then pipe it underground into geologic carbon sinks, like those 
occurring under oil fields (Burton et al, 2009). Although other types of sequestration methods are 
not reviewed in depth by these reports, one of the main recommendations made is that state 
policy should include CCS strategies as a useful and possibly necessary strategy for long-term 
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PART IV: RESEARCH REVIEW 
 
Research in the last few years shows that on a global scale, land conversion from 
cropland or forest to grasslands results in increased Soil Organic Carbon (SOC), heavily 
correlated with temperature and precipitation. This shows that soil carbon stocks are indeed 
affected by land use management changes, grazing density, species composition, nutrient 
availability (such as fertilization by compost), and improved irrigation. These processes can 




(Viglizzo et al., 2019).  Perhaps most 
importantly, carbon that is sequestered on rangelands can remain in the soil long-term, as 
illustrated by archaeological research which shows centuries of carbon and nutrient accumulation 
(Ibid). 
 
4.1 Marin Carbon Project: 
 Of primary interest for this project is the data provided by the Marin Carbon Project 
(MCP), establishing the carbon sequestration potential of compost applied to managed grasslands 
(Ryals et al., 2016). Through several years of research at Nicasio Native Grass Ranch in Marin 
County, California, a team of scientists have conducted eleven studies to date. This includes a 
guide produced in partnership with the Natural Resources Conservation Service (NRCS) used for 
sampling organic carbon in soils (Oster, 2016), to enable others to participate in what is referred 
to as carbon farming. Carbon farming is simply the practice of using known carbon sequestration 
techniques on various types of farmlands specifically to sequester CO2 from the atmosphere into 
soil, and then measuring and reporting results to receive financial compensation from Cap-and-
Trade funds. Next there is the COMET-Planner calculator which was co-produced with NRCS to 
provide land use recommendations with the goal of carbon sequestration and GHG reductions 
(Williams et al., 2014). Finally, the COMPOST-Planner calculator was co-produced with the 
California Air Resources Board (CARB) to estimate GHG benefits for applying compost to a 
particular cropland or grassland (CARB et al, 2015). In partnership with local and state agencies, 
the MCP has reviewed available research on carbon cycles in soils, measured benefits of 
compost to native plants (Ryals et al., 2016), modeled organic material applications to 
grasslands, rangelands, and even dairy farms (DeLonge et al., 2013), and established the 
potential carbon sequestration from these techniques. Currently, the team is conducting further 
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research on climate change mitigation potential and best management practices (Marin Carbon 
Project, 2018). 
 Existing soil data from various types of land were reviewed by the MCP team to compare 
the quantity of carbon that can be stored in soil based on climate, depth, soil type, vegetation, 
grazing, and above-ground NPP (Ryals et al., 2015). Their results showed that carbon sequesters 
up to three meters deep in most California grassland soils, and that the quantity of sequestration 
is linear and decreases with the depth of soil. There was a slight increase in carbon levels for 
grazed rangelands, although no record of previous management practices was found for the case 
study area. Next, they developed a model of greenhouse gas dynamics for managed grasslands, 
to evaluate the potential benefits of carbon farming. 
 The models from DeLong et al. (2013) show a clear and substantial reduction in 
greenhouse gases from techniques that combine compost with grazing, with the net GHG 
quantified as emissions minus sinks minus offsets. This includes multiple variables as seen in 
Fig. 8 including methane emissions from livestock, landfill offsets, use of inorganic fertilizers, 
and finally Monte Carlo analyses for a degree of uncertainty in the results (Ibid). 
  
Figure 8: Models for net carbon sequestration with managed grazing, compost, and inorganic fertilizer (DeLonge et al., 2013) 
The MCP models did not consider emissions from meat or dairy processing, since these 
occur at separate locations. The largest offsets provided by applying compost were from the 
avoidance of traditional waste management practices: landfill and manure slurry systems. By 
approximating the global warming potential of the various emissions and offsets to each 
Manure
• Manure stored 
(usually in slurry 
ponds)
• Manure to grazed 
grassland
Compost
• Manure diverted 
from storage & 
compost diverted 
from landfill





• No excess 
manure available
• Inorganic N 
produced and 
applied to grazed 
grassland
Figure 7: Models for net greenho se g s emissions carbon sequestration with managed grazing (D Longe et al. 2013)
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application, the model shows that scaling up use of compost and managed grazing could be a 
useful tool for the state of California, which produces enough of the right type of compost and 
manure to treat roughly 650,000 hectares of land. This could offset approximately 10% of 
emissions from California’s commercial sector (Ibid). 
Beyond the promising implications this has for the state to meet its climate goals for the 
natural and working lands sector (California Air Resources Board, 2015), the research provided 
by the MCP also mentions the secondary benefits of soil health, plant productivity, and reduction 
of agrochemicals. Studies from multiple countries have surveyed microbial health and soil 
nutrient cycling alongside plant yield for various crops with different types of compost, showing 
that compost applications replenish soil nutrients and microbial communities to enable greater 
plant productivity, water retention, and crop yield. The interplay of these different categories of 
compost applications and the resulting environmental and social effects are important to 
understand as a cohesive whole when identifying how to create large scale systems for compost 
collection, production, and use. There is an emerging need for scalable methods of land use for 
reducing GHG emissions, as well as establishing long term best management practices (Byrnes 
et al., 2017). 
 
4.2 Carbon Sequestration in Rangelands: 
 Rangelands cover 312 million hectares of arid or semi-arid land in the US alone. It has 
further been estimated that grazing lands equate about 15% of the country’s carbon sequestration 
potential, although currently there are few incentives for participating in this type of management 
change (Booker et al., 2013). Opportunities and limitations of arid rangelands for carbon 
sequestration in the United States were reviewed, revealing that abiotic factors such as 
precipitation are not easily controlled by land use management and can have a greater overall 
influence on long-term sequestration and emission rates than grazing management (Ibid). The 
authors concluded that current policies such as carbon credits or offsets can actually result in 
increased emissions, and management should be focused on SOC conservation projects instead 
of carbon offsets (Ibid).  
Because rangelands store carbon primarily in soil, carbon sequestration is likely to be 
more protected from being released into the atmosphere than forests which produce more 
aboveground vegetation.  Carbon inputs are much lower in rangelands, however, and soil carbon 
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is relatively hard to measure compared with aboveground biomass. In addition, mismanagement 
of rangelands such as having too much livestock density can greatly increase carbon emissions 
from soil to the atmosphere, and greater aridity reduces the overall effectiveness of land use 
management efforts for carbon sequestration. In other words, carbon fluxes in mesic rangelands 
are more likely to be responsive to grazing changes and other types of land use management 
(Booker et al., 2013). For example, wetter areas like coastal California need a certain level of on-
going grazing to prevent woody shrub invasion from eliminating grassland areas. Therefore, 
management efforts should be targeted based on ecological site, preserving carbon soil stocks, 
increasing long-term sequestration from the atmosphere, and minimizing future emissions.  
 
 
Table 3: Estimates of potential annual carbon sequestration on US rangelands (Booker et al., 2013) 
Since soil carbon can be sequestered for longer than aboveground woody biomass, 
grasslands may be important for long-term climate change mitigation, and in some mesic 
rangelands the presence of low-density trees can actually increase soil carbon sequestration as 
well as production of grass and other vegetation under tree canopies. Organic material 
amendments such as compost and manure are listed for their potential to increase SOC, and it is 
proposed that organic material may actually increase the carbon storage potential of soils. Some 
estimates for carbon sequestration potential are shown in Table 3, with low, average, and high 
estimates for US rangelands.  
The costs associated with quantifying successful carbon sequestration depend on what 
degree of accuracy policymakers require, as accurate measurement of belowground biomass is 
Aut hor










Ogle et  al. 
(2004)
Low 1.47 458 7.84
Grasslands in nominal 
condition plus a single 
management change 
High 3.3 1031 17.65
Assumes 67% of rangelands 
are degraded & includes 
multiple management 
interventions
Conant  et  
al. (2001)
Average 1.98 618 10.59
Fertilization, improved 
grazing, or conversion to 
pasture from native/cultivated 
lands
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difficult to obtain. One solution could be a cooperative carbon scheme where a large group of 
landowners could obtain more reliable data and reduce monitoring expenses. Ultimately, 
ongoing consistent management practices are especially vital for mesic rangeland sites where 
management has more predictable effects on carbon sequestration than occur in arid rangelands. 
Policy should be focused on long-term accounting and be aware that changes in land 
management may not increase carbon storage, carbon credits are not considered equivalent to 




Table 4: Annual carbon payment estimates in $/ha/yr for US carbon trading programs (Booker et al., 2013) 
 
According to economic data that was available in 2013, Booker et al. found the value of 
carbon sequestration per ton in prairie lands per hectare per year. Listed in Table 4, the certified 
cap and trade programs in the US at the time (excluding California program which started at the 
end of 2012) had an average value of $19.86 per ton of carbon per hectare per year, and 
voluntary participation programs had an average value of $5.88 per ton of carbon per hectare per 
year. Payments for ecosystem services is the practice of giving value to healthy ecosystem 
benefits, such as increasing tourism to a beautiful natural site. This cost-benefit analysis of 
ecosystem services can be a more direct form of policy than cap and trade schemes, as it 
considers that management for soil preservation will also protect watershed, wildlife, recreation, 
scenic values, and grazing productivity (Booker et al., 2013). This economic view of the 
ecosystem benefits as a whole would potentially justify greater financial incentives for land use 
management changes. For example, rangeland cattle graze mostly on native plants that grow 
without agrochemicals, livestock density is low, and waste manure fertilizes the soil for future 
plant production and increases SOC. In comparison, feedlot cattle consume conventionally 
Table 5: Annual carbon payments for mixed prairie ($/ha/yr)
Type of payment program Average Best Worst
Certified ($10.24/ton) $19.86 $44.64 -$10.14
Voluntary ($3.03/ton) $5.88 $13.20 -$3.00
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grown corn and other crops which are large sources of emissions, and high density of livestock 
produces much more GHG emissions overall. 
 
4.3 Geographic Information Systems (GIS): 
The history of computer-based GIS systems for data mapping and analysis begins in the 
1960s, and in 1969 the Environmental Systems Research Institute, Inc. (ESRI) was founded, and 
the organization developed most of the software and analytical tools still in use today. In 1981 
ArcGIS/INFO was released for public and commercial use, and its capabilities have developed 
rapidly in recent years due to advancing technologies for remote sensing and computer 
processing. GIS spatial data analysis is now used extensively in environmental research and 
applications and provides an excellent methodological framework for this project. 
 
4.3.1 Australia: 
4.3.1.1 The GreenCert System: 
The GreenCert! System was designed for farm and ranch owners and is based on the 
CENTURY biogeochemical model of soil carbon and nutrient dynamics, a custom GIS 
database of soil and climate parameters, and Monte Carlo uncertainty estimates (Updegraff 
et al, 2010). CENTURY accounts for land use management measures including grazing, crop 
cultivation, fertilization, irrigation, soil amendments, and wildfire control. Input variables 
include air temperature variations, precipitation, soil texture and properties, atmospheric 
and soil nitrogen, plant lignin content, and initial soil carbon and nutrient levels. 
Environmental factors are fundamental for determining the size of a soil carbon 
stock, but management is important for determining short to medium term carbon fluxes. 
This GreenCert! program requires site specific information for any measure of accuracy, 
particularly with conducting uncertainty analysis. Program users enter what they know about 
their property’s land use management and the software provides simulated parameters for 
unknown variables based off of pre-populated Australian census data. GreenCert! then 
determines the amount and value of carbon sequestration potentially available, according to the 
rate of change in total SOC for specified intervals of time between 2002 and 2030. The final 
result is a Probability Density Function (PDF) of CENTURY parameters including soil texture, 
fertilizer and irrigation, organic matter addition and grazing rates. The Monte Carlo System runs 
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a large number of iterations in the CENTURY model and then randomly samples the PDFs to 
produce simulated rates for missing data prior to 1990. These unknowns can include changes in 
soil texture (and indirectly temperature), mapping errors, spatial uncertainty in soil, climate 
variation, fertilizer and irrigation rates, application of organic matter, crop cultivation, and 
history of land use management at the site of interest. 
In order to analyze the GreenCert! PDF statistics, Updegraff et al. (2010) used 
multiple linear regression and ANOVA produced by the R statistical software package 
(http://www.r-project.org). The authors found R software limited by its inability to include 
variables with many different value entries over long periods of time, such as annual 
precipitation variations, and instead sums values for the 130-year period analyzed. The 
results show small standard deviations from the mean and significant r2 for C2002 (carbon 
soil stock in 2002), since there are relatively accurate and detailed land use management 
records from recent history. The correlation is weaker for 2030 (change in carbon soil 
stock by the year 2030), likely due to the uncertainty of future projections as well as the 
limitation the authors encountered with the software.  
Nonetheless there were some useful results, such as total carbon inputs and 
percentage of clay were significant predictors of current and future carbon stocks in the 
grazing and row-crop scenarios. Additionally, the normalized coefficients indicate soil 
carbon stocks are most affected in the long-term by clay percentages, whereas short or 
medium-term changes in soil carbon are most affected by management such as carbon and 
nitrogen inputs (Updegraff et al., 2010). Grazing also shows strong influence on long-term 
carbon changes with above-ground carbon removal, but below-ground carbon removal has 
a greater effect on soil stocks. The GreenCert! system confirms that environmental factors 
are the greatest determinants of the overall size of the soil carbon stock at a particular 
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4.3.1.2 Range-ASSESS: 
Similar modeling was conducted for Australia with Range-ASSESS (A System for 
Selecting Suitable Sites), an ArcGIS based software that uses a spatial system to analyze the 
effects of livestock grazing management on rangeland carbon stocks and carbon sequestration 
potential (Hill et al., 2003). Management changes include grazing pressure, fire suppression, 
control of weeds, and frequency of natural factors such as flooding or drought years. Although 
this tool does not include other geographical locations, it is useful for informing similar types of 
analysis which incorporates many types of data in a multi-criteria assessment and evaluation 
process to produce scenario calculations. Because grazing on rangelands is the largest type of 
land use in Australia, changes in management can have a relatively big impact on carbon 
sequestration for the country. With primarily arid and semi-arid climates, there are some 
geographical similarities to the state of California, including the need for fire management that 
could potentially increase rangeland productivity for carbon soil stocks (Ibid). 
 There are several important factors that contribute to Range-ASSESS analysis. Grazing 
management is critical as heavy grazing can kill or degrade shrubs, trees, and grasslands, and 
plant productivity is vital to carbon sequestration. Over-grazing can cause changes in carbon 
distribution in soil after 4 years, which is a relatively rapid rate of loss (Hill et al., 2003). Next, 
fire management can be used to control fuel loads and stimulate grass growth, whereas wildfires 
are much more damaging to ecosystems and release larger amounts of carbon from biomass and 
soil. Finally, woody weeds can reduce pasture production and carbon stocks, and should 
therefore be considered for carbon sequestration management. All of these factors inform a 
framework for carbon sequestration in rangelands: identify biophysical variables, socio-
economic opportunities, cultural constraints, and the overall best management practices for 
maximum benefit.  
This type of model requires biophysical data inputs in the form of current and estimated 
future carbon stocks in various regions, indices to show current carbon stocks relative to pre-
settlement conditions, and possible transitions between states based on various changes. The 
quality and type of vegetation can be obtained using LiDAR datasets and then analyzed with GIS 
to define spatial relations of rangeland plants and current carbon stocks. This spatial assessment 
can also define ecological zones such as shrublands and grasslands to inform rangeland 
availability. Drivers of change in the model include management factors such as grazing pressure 
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and grazing animal stocks, climate conditions such as drought, fire frequency and intensity, 
woody weed encroachment, and potential introduction of native browse plants. Finally, there are 
constraints on management benefits including climate cycles, socio-economic variables such as 
cultural resistance to change, and the likelihood of management techniques being implemented 
in reality.  
Range-ASSESS analysis also includes the loss of carbon stocks as a short-term linear 
process over 2-year periods, whereas gains in carbon stocks occur in the long term over 
approximately 50-year periods depending on ecosystem conditions (Hill et al., 2003). 
Simulations run for Australia in the next 50 years show major declines in carbon stocks due to 
drought conditions combined with current overgrazing practices, and even with wet conditions 
current livestock density levels will reduce carbon stocks. In addition to the relationship between 
aridity and livestock grazing rates, prescribed burns in areas with frequent wildfires can assist 
regeneration and support improved rates of carbon sequestration. 
 
4.3.1.3 GIS Analysis of Arid and Semi-Arid Rangelands: 
Another recent Australian study published in 2015 used GIS and remote-sensing data to 
estimate how to optimize carbon sequestration in rangelands. The study then compared net 
profits for grazing management changes versus complete restoration of grasslands, including 
livestock removal followed by carbon sequestration methods (Dean et al., 2015). The data was 
primarily sourced from remote-sensing similar to LiDAR, called phased array L-band synthetic 
aperture radar (PALSAR) for above-ground biomass assessment. From that information the 
study estimated below-ground biomass and carbon fluxes. Reforestation can be costly, so passive 
management is reviewed instead with slower carbon sequestration rates that can reduce or 
eliminate financial investment. Despite the focus on Australian rangelands, this project provided 
parameters for similar projects in comparable biomes, prioritizing projected economic benefits 
for carbon sequestration in land use management methodologies. This includes estimates of 
profits for managed grazing in comparison with full reforestation efforts, based on the projected 
cost savings of reducing atmospheric carbon dioxide emissions. 
 Rangeland is defined in the study by Dean et al. (2015) as areas where domestic livestock 
roam in natural or semi-natural landscapes that are not used for agricultural purposes and exclude 
land reserves and urban areas. Carbon stock was measured by vegetation biomass which is a 
Sarah Koplowicz         MSEM Master’s Project 
26 
relatively quick and easy process with remote sensing data collection, and below-ground plant 
matter estimated to be 25% the volume of above-ground biomass for arid and semi-arid 
ecosystems. At the time, the cost of carbon was priced at AUD$10 Mg-1 CO2
-e, slightly more 
conservative than the Climate Action Reserve’s value of AUD$11.50 (Ibid).  
Annual emissions for the study area were estimated based on average emissions 
calculated for Australian commercial rangelands with the primary sources coming from fires and 
other types of deforestation. The GIS dataset also included modelling for biomass growth, 
although data was not readily available for rangelands. Livestock population density was based 
on census information from 2010, but reported information is considered to be somewhat lower 
than actual levels. Because the study area was primarily sheep, goats, and cattle, census data 
were converted into ‘dry sheep equivalents’ (DSE) per hectare. Average costs were calculated 
for farm net profits based on three ‘typical’ properties that had been studied in local rangelands 
and then a conservative estimate was formed for the 
global warming potential of methane due to 
livestock, converted into units of 11.1 g DSE-1 day-
1. Since methane (CH4) is 23 times more potent 
than carbon dioxide as a GHG over a 100-year 
period (IPCC, 2013), it’s important to measure 
livestock methane emissions. A carbon price of 
AUD $10 Mg-1 of C02
-e was found to have the 
same global warming potential as $0.93 DSE-1 
year-1 (Dean et al., 2015). 
These results show that profits from grazing 
livestock would outpace profits from carbon sequestration if the reforestation growth rate for a 
location is that of thick wood growth (i.e. shrubs), but if the reforestation growth is a slow-paced 
‘plantation’ style of growth then carbon sequestration becomes more profitable. In ecosystems or 
land use management where slow-plantation growth rate is possible, landowners can be 
economically motivated to participate. Dean et al. (2015) believe their results strongly indicate 
that localized differences in biotic and abiotic conditions are critical for determining carbon 
sequestration potential. Similarly, when determining financial values of carbon sequestration 
Figure 9: Biomes similar to Australia’s arid and semi-arid 
rangelands (Dean et al., 2015) 
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projects, the vegetation mapping must be at a scale where individual tree canopies and bare 
ground are visible features. One major difference between the Australian study and this current 
project focused on regions of California, is that much of the grasslands here in California which 
have carbon sequestration potential are not arid or semi-arid biomes like the vast majority of 
Australia which can clearly be seen in Fig. 9. Wetter biomes have also been shown to sequester 
more carbon due to increased levels of plant productivity. Therefore, territories with greater 
precipitation will be included in the methodology for this paper located in California, including 
consideration of annual climate extremes. 
There is also a concern expressed by Dean et al. regarding replacement protein options 
for destocked lands, however for managed grazing combined with compost applications this 
becomes less of an overall concern since livestock can simply be moved around. This technique 
further helps mitigate the environmental impacts of domesticated livestock by decreasing 
stocking rates at livestock farms, which reduces manure in slurry ponds and diffuses GHG 
emissions from rumination. Current rangeland emissions are estimated to have a cost of 
AUD$1.1 billion including methane from livestock and wildfires. Based on current rates, there is 
a projected 100-year cost of AUD$41 billion caused by climate change impacts on rangeland 
emissions (Dean et al., 2015). Finally, the study calls for additional research to collect data for 
trees and shrubs including deep-set roots, regeneration growth rates, the formation, movement, 
and decomposition of SOC in different ecosystems, and changes in tree carbon stocks in grazed 
areas. 
 
4.3.2 United States: 
 There is a wide variety of GIS data and analysis available related to climate conditions, 
land use, and soil properties for the United States as well as the state of California. One primary 
resource is the PRISM climate database, which provides spatial mapping of temperature and 
precipitation in the United States from 1971-2010, incorporating Digital Elevation Model raster 
data and topography (Daly et al., 2008). PRISM contains data on annual averages and climatic 
extremes, and their research analysis includes the California coast as a case study. Besides the 
Marin Carbon Project’s initial models and PRISM climate data, there are no publicly available 
GIS projects directly related to the goals of the current project. There are however many local 
data layers that can be compiled to imitate the GIS and modelling processes used elsewhere. 
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4.3.3 South America Updates 
 Recent research published at the beginning of this year posits that most GHG inventories 
using IPCC Tier 1 standards from 1996/2006 underestimate the potential of grazing land soils to 
sequester carbon, as compared with data collected from a large number of international peer-
reviewed studies (Viglizzo et al., 2019). Using the databases EDGAR 4.2 for GHG emissions 
from land conversion or livestock and HYDE 3.1 for historical land-use/land cover (LULC), this 
hypothesis was applied to the rural lands of Argentina, Brazil, Paraguay and Uruguay. Results 
showed that grazing lands can sequester carbon to an extent that it would partially or completely 
offset the total emissions of the study area countries, and that soil carbon stocks should be 
assessed more closely for accurate sequestration potential. 
Currently, data for belowground biomass (BGB) is not as readily available as 
aboveground biomass (AGB), despite belowground biomass holding twice as much carbon as the 
atmosphere. The carbon sequestration potential of soils is often underestimated based on the 
IPCC Tier 1 procedure, which assumes carbon gains and losses of biomass in grazing lands are 
close to zero. However, analysis of available research data shows that soil carbon gains tend to 
be higher than carbon losses, especially with low livestock density. Carbon sequestration is 
estimated based on annual average values with different LULC and various climates, as well as 
changes in SOC. The differences between IPCC Tier 1 methods and the updated methods from 
Viglizzo et al. (2019) are shown in Fig. 10. 
 
Figure 10: Difference between IPCC Tier 1 (2013) and Viglizzo et al. (2019) methods for estimating carbon sequestration in 
grazing lands. AGB: aboveground biomass. BGB: belowground biomass. SOC: soil organic carbon. 
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Because SOC is a reliable carbon sink with resistance to disturbances such as wildfires, 
arid grasslands can potentially hold more carbon than forests over long periods of time. The 
study analyzed data on GHG emissions every 20 years starting in 1970, obtained from the 
Emission Database for Global Atmospheric Research (EDGAR). Three steps were used to 
estimate annual SOC: the amount of ABG as dry matter, BGB dry matter, and calculating how 
much of the annual carbon input the BGB converts to SOC, including carbon loss from 
respiration. BGB respiration losses vary by biome, estimated to be 10% for forests, 34% for 
shrublands, 53% for grasslands, savannas, and cultivated pastures, and 56% for croplands 
(Viglizzo et al., 2019). Further analysis included losses due to temperature, with greater 
respiration in warmer regions. 
  The study focused on the MERCOSUR area shown in Fig. 11, which is one of the 
largest agricultural regions in the world at 1,890 million hectares (ha), and includes parts of the 
countries of Argentina, Brazil, Paraguay, and Uruguay. Pulling data on LULC from the History 
Database of the Global Environment (HYDE) tool, spatial maps were produced in GIS to 
illustrate land use changes over time, and SOC sequestration estimates are derived from LULC 
data. Regression analysis on empirical data from 1970, 1990, and 2010 from diverse climates 
and biomes showed a high degree of association with theoretical calculated data, at r
2 
= 0.9265 
(Viglizzo et al., 2019). This significant correlation means that carbon sequestration from grazing 
lands could drastically 
change reported carbon 
inventories from previous 
IPCC standards. The new 
standard changes carbon 
sequestration estimates in the 
MERCOSUR region to the 
extent that grazing land 
management can offset total 
emissions from all sectors, 
including GHG emissions for 
the entire countries of 
Argentina and Paraguay. 
Figure 11: GHG emissions (tons of CO2 ha-1 yr-1) from a) LULC changes & b) livestock rumination, 
the largest sources of emissions in MERCOSUR region (Viglizzo et al., 2019) 
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PART V: METHODOLOGY 
 
 
5.1 Finding a Primary Study Area in California: 
Using data available from government agencies such as US Census, USGS, NRCS, and 
USDA, we can map different types of relevant land use including grasslands and rangelands, 
agricultural land (Nickerson et al., 2015), and existing compost facilities (CalRecycle, 2019). 
This information can be cross-referenced with data related to climate conditions, carbon 
sequestration in managed grazing and rangelands, and basic cost-benefit analysis. There are 
likely to be unknown limiting factors that must be considered such as private lands which may be 
suitable for carbon sequestration but unavailable for use, or roads and highways which interrupt 
large territories of interest. There will also be difficulties obtaining quality compost for some of 
the regions with a large portion of livestock and rangelands including southern and central 
California, as the local organic material feedstocks are relatively poor quality compared to 
communities that have more developed infrastructure, education, and policy enforcement for 
organics recycling. 
California government has committed to reducing GHG emissions by 40% from 1990 
levels by the year 2030, with agriculture as a whole contributing 8% of total emissions 
(Nickerson et al., 2015). By combining these parameters for compost management within the 
state of California, we can begin to develop an informed system of policy and infrastructure that 
meets the needs of local communities and larger regions. Therefore, this methodology will need 
to develop some parameters for program success, such as providing incentives and support for 
local businesses and residents to participate in composting systems.  
First, climatic factors must be reviewed in order to assess the general regions of the state 
of California that are more likely to have large scale carbon sequestration. This includes annual 
averages for precipitation, temperature highs, and temperature lows, summarized in Fig. 12 
below. These maps use PRISM climate data to show areas that are more likely to sequester 
carbon with land use management. An overall pattern emerges of large regions with potential, 
except in extremely arid parts of the south and south-east which may be deemed unusable for the 
purposes of carbon farming. 




Figure 12: PRISM Annual Average Climate Data for CA 1981-2010. Best areas for primary study area have low-mid maximum 
temperatures, mid-high minimum temperatures, and mid-high precipitation. 
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Figure 13: NLCD Land Use/Land Cover appropriate for carbon farming 
 
Next, we can see in Fig. 13 that by selecting certain layers from the National Land Cover 
Database much of the state has land that might be grazeable, except where there are established 
agricultural crops, barren land, or other types of land use excluded here such as forests or cities. 
Even in developed or urban areas there is some possibility for effective grazing and compost 
management, however these are clearly much smaller areas to be reviewed at a later phase. This 
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rasterized data for the LULC map does not provide clean territory lines and will need to be 
analyzed further to produce specific areas of interest. In addition to this land cover data, there are 
specific land allotments for rangeland areas controlled by the United States Forest Service (Fig. 
14) and the Bureau of Land Management (included in later analysis). These allotments could 
become excellent primary target areas, as they seem to fit climatic standards and are in relatively 
undeveloped areas of the state. 
 
Figure 14: US Forest Service Rangeland Allotments 
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There are several types of development that will have to be removed from consideration, 
including urban areas, major roads and highways, and Native American territories as identified 
in Fig. 15. A buffer zone was added around each of these (20 feet for urban areas & major 
roads/highways, ¼ mile for Native territories), in order to provide a cautious estimate of total 
land available and the resulting carbon sequestration potential. It is also clear from a statewide 
perspective, that transportation of livestock across barriers such as major roads and highways 
could be a limiting factor for successful ongoing grazing management. When primary target 
areas are identified, it will be important to consider how that specific area is subdivided in both 
the natural and built environment. 
 
Figure 15: Lands to Remove and Buffer for Carbon Farming in California 
 
Sarah Koplowicz         MSEM Master’s Project 
35 
 
Figure 16: MLRAs from Soil Surveys by NRCS and USDA 
 Finally, soil data from the Natural Resource Conservation Service (NRCS) was collected 
to try and mimic previous estimations of carbon sequestration availability in some primary target 
locations, and to review other useful information such as SOC, clay, and OM content. Based on 
soil surveys, Major Land Resource Areas (MLRAs) are defined and named as regional soil 
biomes (Fig 16). These areas become more clearly defined at a smaller scale than the entire state, 
and the associated data will be useful when considering a specific area for application. 
 By overlaying LULC, USFS rangeland allotments, and soil biome territories for the state 
of CA, we can see areas of interest throughout much of the state, excluding heavily developed 
places. Keeping in mind abiotic climate factors, a corridor starts to appear as seen in Appendix 
I.i and Appendix I.ii. This corridor occupies much of the state, leaving out coastal areas that are 
heavily developed and/or forested, as well as southern areas that are heavily developed and/or 
extremely arid and less likely to respond to land use management. The corridor is still much too 
large as a primary study area, so approximately 1/3rd of the northern part was chosen as a region 
Sarah Koplowicz         MSEM Master’s Project 
36 
that has less development, preferred abiotic conditions, and a relatively large amount of 
appropriate LULC and federal rangeland allotments. It also includes the northern end of the 
Sacramento valley, which is largely agricultural and relatively well supplied with compost and 
composting facilities. Furthermore, Northern California has more developed organics recycling 
policy and infrastructure and is more likely to have successful participation in land use 
management for carbon farming. 
 
Figure 17: Primary Study Area for Carbon Farming in California (north-east corner of state) 
 In Fig. 17 we see a finalized territory for the primary study area, after removing urban 
areas from the perimeter as well as the adjacent boundary of Lake Tahoe (see Appendix I.iii). 
Soil biomes were arbitrarily cut in half at the bottom either along urban areas such as Sacramento 
or natural features. Within this primary study area, further subdivisions will be made for site 
suitability in GIS with several weighted overlay spatial analysis functions. All GIS sources used 
to find the primary study area and additional results are listed in Appendix II. Finally, a 
geoprocessing model of the different steps in the GIS methodologies performed for the primary 
study area and other stages including final suggested sites are shown in Fig. 18a and Fig. 18b, 
and the overall project flowchart can be found in Appendix III.
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Figure 18a: ArcGIS Geoprocessing Model for Stages of Analysis to find primary study area and sub-section of interest 
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Figure 19b: ArcGIS Geoprocessing Model for Stages of Analysis to find first application site from weighted site suitability 
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PART VI: RESULTS 
 
 
6.1 Secondary Analysis to Find Sub-Section: 
Using an overlay of LULC and Federal rangelands from the USFS and BLM (Fig. 19), 
we can see that most of the Primary Study Area is usable for our intended purposes. More 
detailed site suitability analysis must be performed to identify a sub-section of interest.  
 
Figure 20: Overlay of LULC and Federal Rangelands in Primary Study Area 
 
Based on a visual review of the primary study area’s climatic factors (Fig. 20) and 
considering unusable areas (Fig. 21), a sub-section territory in the northern part of the primary 
study area was chosen for more detailed analysis to manage the quantity of data involved with 
the gSSURGO soil database available from NRCS. 






Figure 21: Temperature and Precipitation Averages for Primary Study Area 
Precipitation 
Temperature Max Temperature Min 
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Figure 22: Unusable Areas in Primary Study Area 
 
6.2 Sub-Section of Interest and Site Suitability Analysis: 
The sub-section illustrated in these final maps is an overlay of the MLRA soil biomes 
from the primary study area, and selection of the four counties in the north-eastern corner of 
California: Siskyou, Lassen, Modoc, and Shasta Counties, clipped to the Primary Study Area 
boundaries. All further analysis for final site suitability was clipped to this sub-section of greatest 
interest, due to its climate conditions and ratio of potential usable land. Since abiotic factors have 
the greatest overall influence on carbon sequestration potential, climate layers and soil suitability 
were developed first and given greatest weight in final site suitability analysis. Soil layers were 
joined together as needed from gSSURGO geodatabase then reclassified and ranked for SOC, 
clay, OM, and slope gradient (ease of application for livestock and compost), as shown in 
Appendix I.iv. 
All layers for final site suitability determination include (in order of greatest weight to 
least) precipitation annual averages, temperature maximum and minimum annual averages, soil 
data site suitability (Appendix I.v), LULC/rangeland allotment site suitability (Appendix I.vi), 
size of usable land areas, and proximity to compost facilities (Appendix I.vii) in the larger 
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Primary Study Area. Proximity analysis to appropriate composting facilities will be counted as 
the least important factor, since carbon sequestration will outweigh emissions from 
transportation up to 300 km (DeLonge et al., 2013). Regions of appropriate LULC and federal 
rangeland allotments were unified, and LULC zones given various weights for preference from 
most desired to least desired as follows: Hay/Pasture/Federal ranges, Shrub/Scrub, Herbaceous, 
Crops, and Developed (open spaces). All of these layers listed above were combined into a 
mosaic raster, and then a weighted overlay analysis was performed to find the most suitable sites 
in the sub-section of interest, with the final results shown in Fig. 22 below. 
 
Figure 23: Final Weighted Overlay Site Suitability Analysis for Sub-Section of Interest 
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6.3 Final Site Selection Analysis: 
While this analysis is imperfect due to missing data for some cells within the map (i.e. 
SOC data is not always available), it provides a useful output for where the best sites are to apply 
carbon farming management techniques. There is one clear large segment on the eastern portion 
of the sub-section visible in Fig. 23, which is primarily composed of federal rangelands as well 
as other relevant LULC and has preferred 
abiotic conditions for climate and soil. 
This segment is notably removed from 
urban areas and the majority of other 
unusable features, so despite the distance 
from compost facilities in the primary 
study area this segment remains of high 
value for carbon sequestration potential. 
As a result of this final site suitability 
analysis, we have identified a clear First 
Application Site for the region. 
 
 




Finally, we can estimate carbon sequestration potential of the First 
Application Site using methods developed by the MCP and CARB. The First 
Application Site measures 1,715 square miles in Lassen County and 637 square 
miles in Modoc County. According to the Compost-Planner calculator the area 
could sequester GHG emissions approximately equal to 1,872,740 tons of carbon 
dioxide emission equivalents (tCO2
-e) in Modoc County and 503,310 tCO2
-e in 
Lassen County for a total of 2,376,050 tCO2-e in the First Application Site. The 
most recent value per metric tCO2
-e is $15.73 in the California Cap-and-Trade 
Program (CARB, 2019), which means this first application site alone could have a 
value of more than $37.3 million for carbon sequestration if managed properly. 
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PART VII: MANAGEMENT PROPOSAL 
 
 
The methodology of this project could be applied widely to different large or small areas 
of land, depending on the level of detail required for local site analysis. By applying the 
appropriate criteria in multiple layers of weighted overlay analysis, GIS can provide a basic 
model of how to prioritize carbon farming in many types of environments. This methodology 
also establishes how large regions can be segmented effectively for carbon farming despite local 
differences and challenges. With this geoprocessing model and set of tools, the state of 
California can begin to implement large-scale carbon farming using widely available resources. 
The GIS analysis also illustrates the point made by the MCP, that distance from compost 
material production does not have a meaningful impact on where carbon farming should be 
applied, as compared with the other process variables. 
Since the primary study area is in the north-eastern corner of the state of California, it has 
ideal environmental conditions for carbon farming. In addition to the preferred abiotic factors for 
climate and soil, the study area has a range of land use but is predominantly undeveloped land 
that could be set aside by the state (in cooperation with the federal government as necessary) for 
carbon farming. Government agencies could work with local businesses to provide and transport 
grazing livestock and composted material, and potentially develop new supply sites for carbon 
farming closer to primary areas of interest. 
As future research and implementation narrows the scope of the work, finer analyses will 
have to be conducted to reduce potential issues such as steep slopes, features cutting across study 
areas such as minor bodies of water, or areas lacking in the requisite community participation for 
successful carbon farming projects. Despite these kinds of challenges, the state of CA has set 
aggressive goals for reducing climate change and GHG emissions which will support the 
expansion of carbon farming projects. Cap-and-Trade funds are already available to land owners 
who participate in various types of carbon farming, and as these techniques become more viable 
those funds should be increased accordingly over time. Finally, enforcement measures should be 
developed to mandate long-term participation from necessary stakeholders including land 
owners/managers, public agencies, compost facilities, commercial livestock operations, and local 
community members. 
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PART VIII: CONCLUSION AND FUTURE GOALS 
 
 
 In conclusion, there is substantial scientific evidence that carbon farming via compost 
application combined with managed livestock grazing can be an important contribution to 
mitigating climate change impacts in many parts of the world. When compared with other 
mitigation and sequestration efforts, rangeland carbon farming can sequester enough carbon 
dioxide to offset a relatively large portion of total anthropogenic emissions. In California it is 
possible to offset more than 10% of total commercial emissions (DeLonge et al., 2013), and in 
some other states it may be possible to offset all emissions from all sectors as exemplified by the 
Mercosur region of South America (Viglizzo et al., 2019). The ultimate goal of reducing our 
emissions at the source with energy efficient technologies and by eliminating fossil fuel 
dependency remains the same; However, the potential of the mitigation strategies presented here 
is large enough to warrant immediate action in regional policy development and implementation. 
 
Future research recommendations: 
1. Environmental cost benefit analysis based on human industry at the chosen location, 
recreational value, and non-human ecosystem benefits that might be affected by an 
environmental project in a positive or negative way. This analysis is needed to more 
accurately model economic factors for a specific research area and will inform future 
policy incentives and enforcement measures such as Cap-and-Trade fund allocation. 
2. Potential for carbon farming after wildfire events should be investigated, for its potential 
to regenerate landscapes and ecosystems in addition to sequestering carbon.  
a. Further research should be conducted to measure impact and benefits of 
prescribed burns followed by carbon farming activities. 
3. Supplementary research should be conducted on soils for areas of interest, to fill in 
missing data on soil composition of SOC, OM, and clay content. This will allow for more 









1. Compost (product) 
a. Composting (process) 
b. Intensive rotting (highest microbial activity) 
c. Curing (microbial activity declines) 
d. Maturation/ripening (final phase of stabilization) 
e. Rotting (aerobic degradation) 
f. Digestion (anaerobic biological processes) 
g. Turning/rotating (required for aeration and homogenous mixing) 
2. Carbon sequestration: the capture and storage of Carbon Dioxide (CO2) from the atmosphere 
a. An ecosystem must be a sink over long timescales in order to sequester carbon 
3. Net ecosystem carbon balance (NECB) accounts for all vectors of carbon exchange 
4. Gross Primary Productivity (GPP) Photosynthetic carbon flux: photosynthesis minus 
photorespiration 
a. Net Primary Productivity (NPP) the portion of GPP minus CO2 that is fixed in 
vegetative biomass and successively enters soil via plant litter in topsoil 
5. Autotrophic Respiration (AR) and Heterotrophic Respiration (HR) 
a. AR + HR = RE (total ecosystem respiration) 
b. GPP – RE = NEP (net ecosystem production) 
6. Soil Organic Carbon (SOC) 
a. Soil Organic Carbon Pool (SOCP) 
7. Organic Matter (OM) 
8. Aboveground biomass (AGB) 
9. Belowground biomass (BGB) 
10. Land Use/Land Cover (LULC) 
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I.viii 




Carbon Sequestration Process Model and CASS interface 
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APPENDIX II: DATA SOURCES FOR ARCGIS ANALYSIS METHODOLOGY 
 
1. Soil Survey Staff. Gridded Soil Survey Geographic (gSSURGO) Database for California. 
United States Department of Agriculture, Natural Resources Conservation Service. 
https://gdg.sc.egov.usda.gov/. Available online at http://datagateway.nrcs.usda.gov/. 
20180920 (FY2019 official release). 
2. U.S. Geological Survey, 20140331, NLCD 2011 Land Cover (2011 Edition): US 
Geological Survey, Sioux Falls, SD. http://www.mrlc.gov. Available online at 
http://datagateway.nrcs.usda.gov/. 
3. PRISM Climate Group, Oregon State University, Available online at 
http://www.prism.oregonstate.edu/ (2012 release). Created 3/15/2019. 
4. 2015 TIGER Line Shapefiles Technical Documentation. Prepared by the U.S. Census 
Bureau, 2015. Available online at http://datagateway.nrcs.usda.gov/.  
a. American Indian Lands 
b. Urban Areas by State 
c. Primary and Secondary Roads 
5. USDA/NRCS - National Geospatial Center of Excellence. Processed TIGER 2002 
Counties plus NRCS additions, 2009. Available online at 
http://datagateway.nrcs.usda.gov/. 
6. USDA/NRCS - National Soil Survey Center. National Coordinated Major Land Resource 
Area, 2006. Available online at http://datagateway.nrcs.usda.gov/. 
7. U.S. Forest Service - Region 5. Livestock grazing allotments and resource use areas 
managed by the U.S. Forest Service in California, USA, 2006. Available through GIS 
online (ESRI). 
8. Conservation Biology Institute. Bureau of Land Management (BLM) Grazing Allotments 
- California, USA, 2011. Available through GIS online (ESRI). 
9. CA Department of Fish and Wildlife. California Hydrography, 2018. Available through 
GIS online (ESRI). 
10. CalRecycle Solid Waste Information Systems. Composting Facilities, 2018. Available 
through GIS online (ESRI). 
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